IMPORTANCE Spontaneous cerebrospinal fluid (CSF) leaks are a morbid condition associated with operative intervention for treatment. Understanding associations are key to diagnosis, treatment, and possible early detection.
S pontaneous cerebrospinal fluid (CSF) leaks are characterized by abnormal CSF drainage without preceding surgery, trauma, or inciting cause. Patients with spontaneous CSF leaks have also been shown to have idiopathic intracranial hypertension. 1 Therefore, most patients with CSF leaks demonstrate clinical symptoms and radiographic signs of elevated intracranial pressure (ICP). 2 While there are a number of theories that describe the pathophysiologic mechanism of idiopathic intracranial hypertension leading to spontaneous CSF leaks, it is not completely understood.
Patients with spontaneous CSF leaks have also been shown to have respiratory physiologic abnormalities during sleep. Ideally, a polysomnogram is used to diagnose obstructive sleep apnea (OSA) and to measure the apnea/hypopnea index. Obstructive sleep apnea can cause cerebral vasodilation due to periods of hypercapnia, which results in increased ICP. 3, 4 Elevated ICP measurements in patients with OSA can also be found while awake. Elevated levels of ICP over time may eventually lead to spontaneous CSF leaks. Spontaneous CSF leaks have been shown to have a recurrence rate of 46%. 5 Recent literature [6] [7] [8] has suggested an association between OSA and spontaneous CSF leaks. The prevalence of OSA was 9% for women and 24% for men, 9 and the prevalence of OSA in patients with spontaneous CSF leaks ranged from 14.8% to 46.2%. [6] [7] [8] To our knowledge, there is no review on the clinical association between OSA and spontaneous CSF leaks. Therefore, our goal was to systematically summarize the current literature on the clinical association between OSA and spontaneous CSF leaks. In addition, a metaanalysis was conducted to highlight the odds of having OSA with a spontaneous CSF leak.
Methods
An extensive search of the electronic PubMed database (MEDLINE) and Cochrane Library was conducted until February 1, 2015, to identify studies with the following search terms: spontaneous CSF leak or CSF leak AND sleep apnea or CSF leak AND apnea or CSF otorrhea AND apnea or CSF rhinorrhea AND apnea. Clinical studies from 2005 to 2015 investigating sleep apnea in patients with spontaneous CSF leaks were included. Cerebrospinal fluid leaks were considered spontaneous when they occurred in the absence of trauma, surgery, infection, and neoplasm. We excluded studies that did not investigate patients with OSA or spontaneous CSF leaks. When inclusion or exclusion was unclear based on title and abstract, full-text articles were retrieved. References of included articles were also searched for relevant studies. Additional data extracted from each article included the following: publication year, study type, number of patients, study population and etiologies, assessment or outcome measures, and study conclusions. This study was exempt from institutional review board approval because it was a systematic review and meta-analysis. Only comparative (case-control) studies with similar control groups were included in the meta-analysis. The metaanalysis was conducted with studies that compared the percentage of patients with OSA and spontaneous CSF leaks against the percentage of patients with OSA and nonspontaneous CSF leaks. Odds ratios (ORs) were computed from the OSA rate data for each study, weighted by sample size, pooled using the Mantel-Haenszel method and a random effects model, and displayed with forest plots (RevMan; version 5.3, Nordic Cochrane Centre, The Cochrane Collaboration). Analysis of publication bias was performed using funnel plot techniques in the Egger weighted-linear regression method (Comprehensive Meta-Analysis, version 2; Biostat). P < .05 was considered statistically significant. Ambiguity or any disagreements between reviewers were resolved through discussion and the addition of a third reviewer as needed.
Results

Summary of Literature Search and Meta-analysis
The search criteria yielded 384 abstracts, and 6 clinical studies involving OSA and CSF leaks met the inclusion and exclusion criteria ( Figure 1 ). (Figure 2A) . In a subgroup analysis of studies including nonspontaneous CSF leaks as their control cohort, the odds of having OSA with a spontaneous CSF leak was 2.85 times more likely than OSA with a nonspontaneous CSF leak (95% CI, 1.22-6.63; P = .02; I 2 = 0%) ( Figure 2B ). Patient characteristic heterogeneity is summarized in the Table. Publication bias was assessed using Egger regression intercept (2-tailed P = .42) and graphically with a standard error funnel plot ( Figure 3 ). Inclusion and exclusion criteria were used to arrive at studies to be included for statistical analysis.
Copyright 2015 American Medical Association. All rights reserved. They retrospectively compared the thickness of the squamous temporal bone and the zygoma in 50 patients with either spontaneous CSF leaks or preoperative temporal bone c scans for planned cochlear implants (obese and nonobese control groups). The calvarium of patients with confirmed spontaneous CSF leaks was found to be 23% thinner than in the other groups. There was no difference in the calvarium thickness of the nonobese and obese control groups. The zygoma, serving as an internal control, was not significantly different among the 3 groups. The diagnosis of OSA was found in 5.8% of each control group and in 46.2% of the group with spontaneous CSF leaks. There was no difference in the skull thickness of patients with a spontaneous CSF leak and OSA compared with those with a spontaneous CSF leak without OSA. Fleischman et al 11 Nelson et al 8 Three published studies were included in the analysis: LeVay and Kveton, 6 Nelson et al, 8 and Fleischman et al. 11 OR indicates odds ratio of bias; SE, standard error. 
Discussion
The literature on the association between OSA and spontaneous CSF leaks is limited to retrospective studies. In these studies, the cumulative reported prevalence of having OSA in 1376 patients with spontaneous CSF leaks was 16.9%. The comparative studies demonstrated that these patients were 2.85 to 4.73 times more likely to have OSA and spontaneous CSF leaks than their control counterparts ( Figure 2 ). In adults, CSF is produced at a rate of 0.3 mL/min, which approximates 450 mL/24 hours. 1 Adults have a total volume of 150 mL; therefore, CSF is turned over 3 to 4 times a day. Cerebrospinal fluid is mainly absorbed by arachnoid villi granulations, which extend into the dural venous sinuses. The venous flow is pressure dependent, and the cerebrovascular hemodynamics can be altered by episodes of hypoxia and hypercapnia in patients with OSA, resulting in elevated ICP levels. 3, 4 Repetitive ICP elevations during sleep may lead to an overall increase in ICP (Figure 4) . Intracranial hypertension could also occur owing to the presence of other risk factors for OSA, such as obesity. 12 Central obesity can lead to increased intra-abdominal pressures and decreased venous return from the brain, resulting in increased ICP. This may confound the relationship between OSA and spontaneous CSF leaks. Elevated ICP over time erodes the skull base, causing bone deformities that can lead to CSF leaks. Nelson et al 8 demonstrated that patients with symptoms of OSA had thin skulls, but they were unable to establish a casual role between OSA and calvarial thinning. This may be due to the study's low power or individuals with thicker skulls being able to tolerate high ICP levels, whereas patients with thinner skulls developed spontaneous CSF leaks.
To investigate the association between OSA and spontaneous CSF leaks, Fleischman et al 11 and Levay and Kveton 6 selected patients with nonspontaneous CSF leaks as their comparative control group. The relationship was significant only with spontaneous CSF rhinorrhea. Fleischman et al 11 demonstrated that the odds of having OSA and spontaneous CSF rhinorrhea were 2.57 times (P = .04) more likely than the odds of having OSA and nonspontaneous CSF leaks. The association of OSA and spontaneous CSF otorrhea reported by Levay and Kveton 6 was not significant.
The heterogeneous patient population prevents firm conclusions about the association between OSA and spontaneous CSF leaks. Higher BMI, male sex, and increased age are risk factors for developing OSA. 13 The increased prevalence of OSA genation and can reduce apnea events, thereby reducing ICP elevations. 15 An additional case report suggested that CPAP may uncover a subclinical defect. Future studies 16 should investigate the incidence of spontaneous CSF leaks in CPAP users. The current review is not without limitations. Many of the reports did not correlate the severity of OSA with polysomnography, nor was it offered to patients with OSA symptoms (snoring, excessive daytime sleepiness, and fatigue). [6] [7] [8] 11 The lack of formal polysomnograms in all patients with spontaneous CSF leaks may have underestimated the incidence of OSA.
Nelson et al 7 investigated spontaneous CSF leaks that were repaired with CPT codes for craniotomies, and it is possible to have missed common transnasal approaches. The studies included in this review are limited by their retrospective nature and are therefore at higher risk for confounding factors. The pooled data should be interpreted in the context of the lack of prospective controlled studies.
Conclusions
The association between OSA and spontaneous CSF leaks demonstrated by retrospective studies is confounded by heterogeneous patient characteristics. Large prospective controlled studies that include polysomnography and ICP measurements are required to further evaluate the relationship between OSA and spontaneous CSF leaks. 
